We have mesured the carrier recombination dynamics in InGaN/GaN multiple quantum wells over an unprecedented range in intensity and time by means of time-resolved photoluminescence spectroscopy. We find that, at times shorter than 30 ns, they follow an exponential form, and a power law at times longer than 1 µs. To explain these biphasic dynamics, we propose a simple three-level model where a charge-separated state interplays with the radiative state through charge transfer following a tunneling mechanism. We show how the distribution of distances in chargeseparated states controls the dynamics at long time. Our results imply that charge recombination happens on nearly-isolated clusters of localization centers.
I. INTRODUCTION
In x Ga 1−x N/GaN heterostructures are essential for the production of optoelectronic devices, such as blue/ultraviolet lasers and light-emitting diodes, with external quantum efficiencies approaching 75%. [1] [2] [3] The physical mechanisms that result in such high efficiencies are still poorly understood, as high threading dislocation densities due to epitaxial growth on mismatched sapphire substrates are belived to induce numerous non-radiative carrier recombination centers in these heterostructures. [4] [5] [6] It is generally assumed that, because of the large electron and hole effective masses in InGaN, nanoscopic potential fluctuations induce a strong localization of the carrier wavefunction. 7, 8 Evidence for carrier localization in In-rich clusters 9,10 and antilocalization near threading dislocations 5, 11, 12 has been reported. Such a localization has a profound impact on carrier dynamics, which can be unraveled through time-resolved photoluminescence (PL) measurements. The PL decay from InGaN/GaN heterostructures is highly non-exponential 9,10,13-18 but a detailed understanding of these particular dynamics is still lacking.
Early studies concluded that the recombination dynamics could be well described by a stretched exponential. 9, 10, [14] [15] [16] [17] Stretched exponentials are often observed in highly disordered materials, 19 where they are assigned to the summation of monoexponential decays originating from individual localization centers with different exciton lifetimes. 10 The quantumconfined Stark effet has also been invoked to explain the carrier dynamics. It is induced in InGaN/GaN heterostructures by the large electric fields that result from the mechanical constraints inherently present in epitaxially grown nitrides, combined with high piezoelectric coefficients. It leads to non-exponential recombination dynamics, redshift of the emission energy with time, and excitation density dependence on the emission energy. 18 The quantumconfined Stark effet is mostly observed in wide InGaN quantum wells (QW), since in QWs whose thickness is less than the exciton Bohr radius the e-h overlap integral is not modified by the presence of electric fields. 20 The localization of electrons and holes on separate sites has also been reported. 11, 21, 22 The amphoteric character of the localization centers has led to proposals of a bidimensional donor-acceptor like (2D-DAP) recombination model where electrons and holes are localized on the opposite sides of the QWs. The 2D-DAP model was found to reproduce the PL decay dynamics of InGaN/GaN QWs over three decades in intensity. 21 Recently, the non-exponential PL dynamics of ensembles of localized centers have been linked to the PL intermittency, also called blinking, of individual centers whose emission is observed under continuous excitation conditions. 23, 24 Blinking is observed in a variety of systems such as colloidal and self-assembled quantum dots (QDs) 23, [25] [26] [27] and Si nanocristals, 24 and is attributed to the formation of metastable, charge-separated (CS) dark states.
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In this paper, we present ensemble measurements of the carrier recombination dynamics in InGaN/GaN QWs over a time window that allows us to follow the PL decay over six decades in intensity. We observe a previously unreported slowing down of the decay dynamics at times longer than 200 ns that cannot be explained by stretched exponential, quantum-confined Stark effet or 2D-DAP models. We propose a three-level recombination model involving a dark CS state to explain our results. We conclude that, in thin InGaN/GaN QWs, radiative recombination happens on nearly-isolated islands of agglomerated localization centers.
II. EXPERIMENTAL DETAILS
The Time-resolved PL measurements were performed using a Ti:sapphire laser system with a repetition rate of 1 kHz and a pulse duration of 40 fs. The second harmonic (390 nm) of the laser beam, generated with a type-I β-BBO crystal, was focussed on the samples with an excitation density of about 3 × 10 2 W cm −2 , corresponding to 6 × 10 12 photons cm −2 per pulse. This excitation density is well within the linear regime of our samples. The samples were cooled to 9 K in a cold-finger liquid-helium continuous-flow cryostat. As the excitation photon energy (3.18 eV) is lower than the low-temperature GaN band gap (3.5 eV), the carriers were photogenerated directly in the QWs. The PL signal was analyzed with a 0.3-m grating spectrometer and detected with a gated, intensified charge-coupled device. The time evolution of the emission spectrum was acquired with a temporal resolution of 5 ns.
III. RESULTS AND DISCUSSION
The PL spectra of our samples showed multimodal emission spanning the range 2.2-3.1 eV. All samples exhibited non-exponential decay dynamics with similar temporal dynamics.
The time-resolved PL spectra of the sample with 2 nm QWs are presented in Fig. 1 . Three bands can be distinguished. Band A, at 2.81 eV, has a lifetime shorter than 4 ns. We attribute it to QW free-exciton recombination. Band B peaks at 2.74 eV. After a rapid energy shift for t < 4 ns, its shape and energy position remain constant with time. At times longer than 1 µs, band C can be observed at 2.65 eV. The time-integrated PL spectrum is close to that of the time-resolved emission at 10 ns. As band B dominates the emission, we focus on its dynamics in what follows. Figure 2 shows the decay of the emission from band B integrated from 2.73 to 2.76 eV.
For times shorter than 30 ns, the intensity decreases rapidly and its dynamics are compatible with a stretched exponential. At longer times however, the dynamics slow down and tend to Within the stretched exponential model, the PL intensity is assumed to follow
As can be seen in Fig. 2(a) , Eq. 1 reproduces our data with the parameters listed in Table   I only for t < 30 ns, that is for less than two decades in intensity. Thus, in our samples, the stretched exponential model is at best a phenomenological description at short times. The 2D-DAP model implies a decay dynamics that follow
where W (r) = Γe −r 2 /a 2 represents the recombination rate for an electron-hole pair separated by a distance r, a is the Bohr radius, and n is the majority carrier saturation density. Eq.
2 implies that the temporal shape of the PL decay remains the same in all samples where γ = na 2 is constant. Such a time-scale invariance was indeed reported by Morel et al.
21 Figure 2 shows the best fit of our data with Eq. 2. A good agreement is achieved for times up to about 200 ns with the optimized parameters listed in Table I . The value obtained for γ in our samples is close to that obtained by Morel et al. 21 This indicates that our sample has a similar short-time decay dynamics. However, the 2D-DAP model fails to reproduce the decay slowing down observed at t > 200 ns.
Sher et al. introduced a three-level CS model to describe both PL blinking and nonexponential recombination dynamics in colloidal quantum dots. 23 It is based on the interplay between a bright state (1) that corresponds to an electron and a hole on the same localization center, and a dark state (2) where the carriers are spatially separated, as schematized in Fig. 3 . Luminescence comes from transitions 1 → 0 with a rate constant Γ rad , while transitions 1 → 2 occur with a rate constant Γ esc . Within the CS model, the charge separation induces a local modification of the potential landscape that affects the back-transfer 2 → 1 .
If one assumes that the back-transfer occurs by tunnelling, the distribution of time spent in the dark state is
where r is the distance between the carriers, k(r) = νe −ηr is the tunnelling rate, and f (r)
is the spatial distribution of charge separation. 28 Within the CS model, the PL intensity is given by
where x 1 is the population of state 1 and
In the Laplace domain,x
If an exponential spatial distribution is assumed, f (r) = ǫe −ǫr and
where x = ηr and µ = ǫ/η.R(s) can be evaluated through numerical integration of Eq. 6
and I(t) by an inverse Laplace transform of Eq. 5a using the Gaver-Stehfest algorithm.
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The CS model predicts biphasic dynamics. At short times, the PL decays exponentially, I(t) ∝ e −Γ rad t , while it follows a power law at long times, I(t) ≈ t −(1+µ) . Equations 4b and 6 indicate that ν and Γ esc cannot be determined independently. For a given tunnel attempt frequency ν, Γ esc controls the strength of the long-time power law component with respect to the short-time exponential one.
As shown in Fig. 2 , the CS model reproduces the experimental results throughout the entire range of the measurement with a vibronic-like attempt frequency 31 and the optimized parameters listed in Table I . However, excellent agreement can still be obtained over a wide range of attempt frequencies; our simulations show that Γ esc > ∼ Γ rad and ν > 10 10 s −1 .
Within our model, the distribution of distances f (r) controls the recombination dynamics.
We have tested that only rapidly decreasing functions, such as an exponential, can reproduce our results. This implies that carriers are confined in nearly isolated islands of grouped localization centers. Thus, one can hypothesize that many localization centers are in fact present in a single quantum dot.
The CS model is based on microscopic physical processes similar to the 2D-DAP model, as both models involve charge separation. Within the CS model however, the charge separated state is dark and can be recycled from the bright state. It is this recycling that causes the decay slowing down observed at long times. As indicated above, the 2D-DAP model explains nicely the PL decay shape invariance reported in similar InGaN/GaN samples. The CS model also obeys a time-scale invariance law. This can be seen from Eq. 5a, which can be approximated by
Eq. 7 breaks down for µ = 1 but reproduces well the decay dynamics for µ < 
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This indicates that the interaction of a charge-separated state with a radiative state plays a crucial role in the determination of long-time carriers recombination dynamics in systems with some degree of disorder.
IV. CONCLUSION
We have measured the time-resolved photoluminescence of InGaN/GaN multiple quantum wells over an unprecedented range in intensity. The dynamics show a slowing down at long times that cannot be explained by currents models. Rather, it can be well modelled by a simple three-level system with a dark charge-separated state and a bright radiative state. The interplay between the dark and bright states, throught back-transfer tunnelling, dominates the recombination dynamics at long times. Our results indicate that the distribution of distance between charge-localization centers decreases rapidly with distance. This implies that the radiative recombination happens on nearly-isolated islands of agglomerated localizations centers. 
